The aim of this study was to provide a standardized risk stratification model for gastrointestinal stromal tumors (GISTs) based on tumor localization, tumor size, involved lymph nodes and metastases, as well as mitotic activity and other morphological and molecular markers, in order to improve the risk evaluation scheme for recurrence, metastatic spread and survival for patients with GIST. A total of 201 cases of patients with GIST were investigated according to standardized morphological markers, including nuclear pleomorphism, tumor cell necrosis, mucosal infiltration, ulceration, skeinoid fibers and growth pattern. In addition, all cases were immunohistochemically analyzed using a tissue microarray platform for various markers of differentiation (CD34, CD44, CD117, desmin, discovered on GIST 1, platelet-derived growth factor receptor α, S-100 and smooth muscle actin) and proliferation (B-cell lymphoma 2, P16, P53, phosphohistone H3 and Ki-67). These findings were correlated by uni-and multivariable analyses with clinicopathological characteristics, including recurrence, metastasis and survival. The general clinicopathological parameters of this GIST specimen cohort were comparable to previous studies. While several parameters exhibited clear associations to each other and to the defined clinical endpoints, the multivariate analysis reduced the number of relevant prognostic variables to localization, margin status, growth pattern and hematoxylin and eosin-based mitosis̸Ki-67-based proliferation of GISTs. With the exception of CD34, none of the applied markers of differentiation and proliferation were found to be independent prognostic markers in GIST and the classical risk factors of GIST remain important prognostic factors. Additionally, growth pattern may predict the risk of recurrence and metastasis in GIST patients. Additional independent molecular prognostic markers remain to be identified and validated.
Introduction
With an incidence of 1.4-2 cases per 100,000/year, gastrointestinal stromal tumors (GISTs) are the most frequent mesenchymal gastrointestinal neoplasms (1) . GISTs mainly affect individuals aged >50 years and are more likely localized in the stomach (60%) compared with the jejunum and ileum (30%), duodenum (4-5%), rectum (4%), remaining colon and appendix (1-2%) and esophagus (<1%). Approximately 30-50% of GISTs are malignant and, in ~50% of the cases, metastasis has occurred prior to the initial diagnosis (2) . Morphologically, GISTs are classified into spindle-cell (70%), epitheloid (20%) or mixed types (10%) (3) . The most common symptoms of GISTs are anemia, weight loss, gastrointestinal bleeding, abdominal pain or tumor mass-related symptoms. Complete surgical resection is the main goal of therapy. A tyrosine kinase inhibitor, imatinib (STI-571), was recently approved for the (neo)adjuvant treatment of GISTs (4) .
Malignant GIST lesions are more common compared with benign tumors in the intestine, whereas the opposite is true in the stomach. The main factors for risk stratification are tumor size, mitotic rate and anatomical location. Tumors sized <2.0 cm with low mitotic activity [<5 mitoses per 50 high-power fields (HPFs)] are usually benign, whereas tumors exhibiting >5 mitoses per 50 HPFs are likely to be malignant (5) . This rule is applied for the classification of malignant GISTs, although there are exceptions for tumors which are considered to be benign by the accepted criteria, as lesions sized <2.0 cm and/or mitotic rate <5/50 HPFs occasionally metastasize, the reason for that remains unclear (3) .
There are different risk stratification systems to classify GISTs from low-to high-risk, using parameters such as the mindbomb E3 ubiquitin protein ligase 1 index, histological subtype, alterations related to specific oncoproteins, such as P16, unfavorable kinase mutations or cytogenetic aberrations. The problem is that the different classes of GISTs are reported to overlap in a number of cases (6, 7) . For this reason, additional factors are required to reliably predict the behaviour of these tumors (8) . These additional factors may be morphological as well as molecular markers, verified by means of immunohistochemistry (IHC).
The aim of the present study was to analyze different morphological and molecular biological markers in GISTs, using well-defined morphological criteria in hematoxylin and eosin (H&E) as well as immunohistochemical stainings based on tissue microarray platform, in order to identify further possible determining factors for recurrence, metastasis and survival.
Materials and methods
Patient and sample characteristics. The present study included 201 formalin-fixed and paraffin-embedded (FFPE) tissue samples of primary GIST specimens resected between 1997 and 2014 [115 (57.2%) from female and 86 (42.8%) from male patients], with complete histopathological records (spindle-shaped, epitheloid or mixed histomorphological subtypes) and tumor classification according to the TNM staging system (9) . The general characteristics of the investigated GISTs are summarized in Table I . The range of fixation time for the obtained specimens was determined between 12 and 24 h in 4% phosphate-buffered saline-formalin solution to avoid false-positive or -negative immunohistochemical staining patterns due to under-or over-fixation (10, 11) .
Morphology.
A formally well-defined list of histomorphological criteria (7, 12) was used to retrospectively investigate all GIST cases in terms of nuclear pleomorphism (NP; no, low, moderate, or severe), tumor cell necrosis (TCN; absence or presence), mucosal infiltration (MI; absence or presence), mucosal ulceration (MU; absence or presence), skeinoid fibers (SF; absence or presence) and growth pattern (GP; type I-luminal̸intramural or type II-extramural).
Based on 5-µm H&E-stained FFPE sections, mitotic figures were counted in 50 consecutive HPFs as previously described (3, 9) under a Leica DM2000 microscope (Leica Microsystems, Vienna, Austria) by two independent investigators (RK and DN).
IHC. IHC was routinely performed on an Autostainer Plus (Dako Austria GmbH, Vienna, Austria), according to the manufacturer's recommendations (13) , using heat-induced epitope retrieval in pH 9.0 antigen retrieval buffer (Dako Austria GmbH) at 95˚C for 40 min for the applied antibodies (Table II) .
Immunohistochemical stainings were performed on whole slides for phosphohistone H3 (PHH3) and Ki-67, whereas all other immunohistochemical stainings were performed on tissue microarrays (TMAs), as previously described in detail (14) . In brief, TMAs were prepared from paraffin-embedded tissues with a designed grid of 2.0-mm black circles leaving a 2.0-mm space between them on plain paper fixed to stainless steel moulds. Dried cores of paraffin-embedded GIST tissue blocks obtained by a 2.0-mm Harris Uni-Core punch (Ted Pella Inc., Redding, CA, USA) were aligned to the grid. Once all cores were attached to the mould, melted paraffin was gently poured into the mould and the TMA was handled according to routine histopathological procedures from this point onwards.
Interpretation of IHC. PHH3-positive cells were manually counted in 50 HPFs. The Ki-67-based proliferation rate was assessed by the optimized particle analysis module according to the software manual (Image Access 9 Enterprise; Imagic Bildverarbeitung AG, Glattbrugg, Switzerland) on three digitized hot spot areas and related to the total number of cells, as previously described (15) .
All other immunohistochemical stainings were evaluated using a modified quickscore method by multiplication of the intensity [rated as 0 (negative), 1 (low), 2 (moderate) or 3 (strong)] and extent of positive cells (0-100%), which yields values ranging from 0 (negative) to a maximum of 300 (staining intensity of 3 and positive cells 100%) (16) . Image evaluation was independently performed by two investigators (MP and DN). Differences in assessment were discussed until consensus was reached.
Ethics. This study was conducted following our National and Institutional guidelines and in accordance with the Declaration of Helsinki (1964); the samples are exclusively available for research purposes in retrospective studies. Based on the retrospective nature of this study and full anonymization of the patient data, the present study is not subject to formal approval by the appropriate local Ethics Committee (http://www.salzburg.gv.at/ethikkommission).
Statistical analysis. Statistical analysis was performed with IBM SPSS 20.0 software (IBM Corp., Armonk, NY, USA). The χ 2 -test or Student's t-test was used to compare data of nominal or interval level. The Student's t-test and univariate analysis of variance (ANOVA) using Bonferroni's post-hoc test to adjust for multiple comparisons were applied for differences between two and more groups of tissue samples, respectively. For survival analysis, cases with missing date of recurrence, metastasis or death were excluded. Multivariate analysis was performed using time-independent binary logistic regression or time-dependent Cox-regression technique for recurrence, metastasis or death. Based on the predicted probabilities of the regression analysis, dichotomous variables were calculated with optimized cluster analysis for additional survival analysis using the Kaplan-Meier method comparing the curves of recurrence, metastasis and Table I . General characteristics of investigated GIST series. Table I . Continued. survival with the log-rank test. For all calculations, P<0.05 and P<0.01 were considered to indicate statistically significant or highly significant differences, respectively.
Characteristics
Tumor site -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Results
Major clinicopathological, morphological and immunohistochemical characteristics in GISTs
Clinicopathological characteristics (Table I) The statistical analysis revealed that the localization of the GISTs, resection status, tumor status (according to TNM), tumor size and H&E-based grading are significantly associated with recurrence of GISTs. Furthermore, tumor size and H&E-based grading are significantly associated with metastasis of GISTs (P<0.05, χ 2 and t-test). Finally, a significant association was observed between intention and type of surgery, as well as between multifocality and survival (P<0.05, χ 2 test), whereas all other clinicopathological characteristics did not affect recurrence, metastasis or patient survival.
Histomorphological characteristics (Table III) . As regards histomorphological pattern, spindle-cell morphology was predominantly observed (61.2%) compared with the epitheloid and mixed cell types. The median number of mitoses of 3 per 50 HPFs revealed that more cases of GISTs are of low mitotic rate according to the current TNM guidelines, whereby the mitosis count varies widely (≤266 per 50 HPFs), reflecting the mitotic heterogeneity of GISTs. Notably, NP was low, MI and MU were detectable in approximately one-third of all cases, whereas TCN and SF were most frequently found in GISTs. Finally, the luminal̸intramural GP was predominant in this cohort of GISTs.
Comparing the different GIST sub-localizations, significant differences in grade of NP (P=0.044, ANOVA), TCN, MI and luminal̸intramural GP (P<0.05, χ 2 -test) were observed in the small intestine.
Immunohistochemical findings (Table IV) . Based on the applied quickscore method by multiplication of the intensity and extent of the staining, the obtained scores for markers of differentiation (in increasing order, S-100<desmin<SMA<<<PDGFRα <<DOG-1<CD34<CD117) were significantly higher compared with those of cell proliferation̸apoptosis markers (in increasing order, P53<P16<<CD44<Bcl-2). Comparing the different GIST sub-localizations, a significant correlation between localization and expression of SMA, C-kit, DOG-1, desmin, CD34 and Bcl-2 were observed (P<0.01, ANOVA).
Univariate statistical analysis of association between clinicopathological, histomorphological and immunohistochemical characteristics Histomorphological vs. clinicopathological characteristics.
The univariate analysis revealed that the majority of the morphological findings were significantly associated with low or high mitotic activity (NP, TCN, MI, MU and SF) (P<0.05, χ 2 test) and pT-stage (NP, TCN, MI, MU and GP) (P<0.01, χ 2 test), whereby only multifocality and resection status were significantly associated with the GIST GP (P<0.01, χ 2 test).
Compared with the events of recurrence, metastasis and survival, NP, TCN and GP exhibited a significant association with recurrence and metastasis (P<0.05, χ 2 test), whereas no morphological characteristics were associated with survival.
Immunohistochemical vs. clinicopathological characteristics. The statistical analysis revealed that Ki-67-based proliferation rate was significantly associated with all the clinicopathological findings, whereas only certain markers of differentiation (S-100, DOG-1, CD34, CD44 and desmin) and proliferation (P16, P53 and Bcl-2) were significantly associated clinicopathological parameters, such as size (S-100, DOG-1, CD34, CD44 and Bcl-2), multifocality (DOG-1), grading (PHH3, CD-117, desmin, CD44 and Bcl-2) and tumor stage (desmin, P16, P53 and Bcl-2) using t-test or ANOVA (P<0.05).
As regards recurrence, metastasis and survival status, Ki-67, CD117 and CD34 scores were significantly associated with events of recurrence, and Ki-67 and CD117 scores were associated with detected metastases. Finally, Ki-67, CD34 and PDGFRα scores were significantly different in surviving and non-surviving patients (P<0.05, t-test).
Histomorphological vs. immunohistochemical characteristics. Heterogeneous sets of immunohistochemical factors are statistically associated with NP (Ki-67, PHH3, S-100, Table III . Histomorphological characteristics of the GIST series. According to Agaimy et al (7) . b Significant differences between GIST sub-localizations using χ 2 test or analysis of variance. c Percentage per column, i.e., per tumor site. d 0, no; 1, low; 2, moderate; and 3, strong. GIST, gastrointestinal stromal tumor; HPFs, high-power fields; SD, standard deviation. Multivariate analysis of clinicopathological, histomorphological and immunohistochemical characteristics according to recurrence, metastasis and overall survival (Table V) . The independent variables for multivariate analysis [binary logistic regression (BR) and Cox regression (CR) analysis, summarized in Table V ] are listed in descending order of their odds ratio (OR).
Recurrence. GP, margin status, localization of the GIST and immunhistochemical CD34 score were time-independent predictors (BR), whereas the same variables (without CD34 score) were identified as time-dependent predictors (CR) for recurrence.
Metastasis. GP was the most significant independent predictor for both mathematical models (BR and CR). H&E-based mitosis count (per 50 HPFs) was identified as an additional independent predictor for BR and maximum size of the GIST was an independent predictor for CR.
Survival. Multifocality, Ki-67-based proliferation rate (per mm 2 ) and immunhistochemical CD34 score were identified as independent survival predictors using BR. In comparison, only Ki-67-based proliferation rate (per mm 2 ) was an independent factor for survival when applying CR.
Focusing on independent variables with an OR >5, only margin status, GP, multifocality and localization of GISTs were identified as independent variables with the highest effect (Table V) .
Kaplan-Maier-analyses (Fig. 1) . Based on the predicted probabilities, dichotomous variables were calculated to perform further graphical assessment for the prognosis of recurrence, metastasis and survival in GISTs using the Kaplan-Meier method. Based on an optimized cluster analysis, high selective cut-offs for the probability of recurrence (0.1), metastasis (0.05) and survival (0.025) were calculated. The calculated models had the ability to significantly differentiate the risk for all time-to-event procedures for patients with GIST I and E are expressed as mean (median); S is expressed as mean ± SD. a Significant differences between GIST sub-localizations using analysis of variance. b Analyzed as previously described (15) . GIST, gastrointestinal stromal tumor; I, intensity; E, extent; S, quickscore; HPFs, high-power fields; SD, standard deviation; Bcl-2, B-cell lymphoma 2; DOG-1, discovered on GIST 1; PDGFRα, platelet-derived growth factor receptor α; PHH3, phosphohistone H3; SMA, smooth muscle actin. Figure 1 . Kaplan-Maier curves for (A1) recurrence, (B1) metastasis and (C1) survival stratified on the predicted probabilities (A2, B2 and C2, respectively) for these events based on the logistic regression analysis. The cut-off values for the predicted probabilities were added to the graphs A1, B1 and C1. Further risk classification of GIST cases based on predicted probabilities of margin status, localization, multifocality and growth pattern (see Fig.1 for Kaplan-Meier analyses).
All analysed variables are listed and the bold print indicates statistical significance. In the column of recurrence, metastasis and survival, the variables identified via multivariate statistical analysis are listed and the bold print indicates OR ≥5.0. BR, binary logistic regression; CR, Cox regression; OR, odds ratio; CI, confidence interval; HPFs, high-power fields; Bcl-2, B-cell lymphoma 2; DOG-1, discovered on GIST 1; PDGFRα, platelet-derived growth factor receptor α; PHH3, phosphohistone H3; SMA, smooth muscle actin.
based on the evaluated independent risk factors (Kaplan-Meier method, log-rank test <0.05). Comparing the significance levels of the log-rank tests, the best prognostic model was obtained for recurrence, followed by metastasis and survival. Comparing the graphs, the event recurrence of patients with GIST occurred earlier compared with metastasis or death.
Discussion
Histomorphological parameters for predicting the biological behavior of GISTs have been analyzed and validated for several years leading to consensual statements. However, it remains difficult to distinguish benign from malignant tumors (3) . In our study, we presented a large series of 201 GIST cases with complete clinicopathological evaluation and analyzed these cases for classical histomorphological criteria and immunohistochemical markers using TMAs. The clinical data of age, gender, localization, grading (mitotic activity), as well as surgical procedures and different outcome parameters (recurrence, metastasis and survival) are largely comparable to published GIST series (4), indicating absence of special bias factors.
In the univariate analysis, first of all, a number of variables were associated with recurrence, metastasis and survival, such as NP, TCN and GP (for recurrence and metastasis), CD117 and CD34 scores (for recurrence), CD117 score (for metastasis), and CD34 and PDGFRα scores (for survival). Of note, a considerable amount of the published clinicopathological investigations reveal heterogeneous subsets of prognostic and predictive markers, ranging from morphological parameters, such as gastrointestinal bleeding and tumor size, to molecular parameters, such as expression of SMA, CD34, DOG-1 or CD117, as well as novel markers, such as S-phase kinase-associated protein 2 or carbonic anhydrase II (17) (18) (19) (20) . However, the majority of these studies, as well as ours, were limited by the fact that most of the statistically significant variables based on univariate statistics are not statistically strong enough to 'surviveʼ a further multivariate analysis, leading to the heretic question of whether IHC does actually provide additional prognostic data in GISTs (18) . Furthermore, we were unable to confirm the role of differentiation and cell-cycle regulatory proteins, such as Bcl-2, P16 and P53, as well as CD44, as prognostic factors, similar to previous studies (8, (21) (22) (23) (24) . The reasons may be different antibodies, antigen retrieval or inter-observer variations of the immunohistochemical staining (10, 11, 15) .
In the multivariate analysis, the number of variables in a time-independent̸time-dependent analysis was significantly reduced from a total of 31 (100%) to 4 (12.9%)̸3 (9.6%) for recurrence, 2 (6.4%)̸2 (6.4%) for metastasis and 3 (9.6%)̸1 (3.2%) for survival (Table V) , indicating the rarity of suitable endpoint markers available for GISTs to date. Interestingly, classical and 'conservativeʼ̸'well-establishedʼ parameters, such as tumor localization, margin status, multifocality, as well as H&E-based mitosis and Ki-67-based proliferation rate of GISTs, were significantly associated with defined clinical endpoints, as already described by the European Sarcoma Network Working Group in 2012 (25) . This, however, confirms earlier clinical studies (26, 27) and indicates that powerful prognostic molecular markers (with the exception of CD34) are still not available to date. Of note, in contrast to the findings of Demir et al (18) , lower immunhistochemical CD34 score was associated with higher recurrence rate and shorter survival, whereas this significant effect of CD34 expression was lost when performing a multivariate Cox regression analysis.
Additionally, a 'newʼ and prognosis-relevant parameter as reported by Agaimy et al (7) is GP, namely type I (luminal̸intramural) or type II (extramural), which was found to be an independent prognostic factor for recurrence and metastasis (with an OR of ≤13.715 for recurrence). Therefore, preoperative radiological analysis and GP evaluation is essential for the surgical strategies of local or extensive resection. Furthermore, GP should be macroscopically described in detail by the surgeons and pathologists and should be included in further tumor stratifications of GISTs, such as the classical risk stratification scheme of Miettinen et al and others (2, (28) (29) (30) .
Comparing the current uni-and multivariate statistical analyses, it becomes evident that more parameters may be associated with the clinicopathological endpoints (recurrence, metastasis and survival) in the univariate rather than in the multivariate statistical analysis. This is clearly caused by the applied statistical approaches of excluding variables using ANOVA with forward WALD procedures. Therefore, the statistical power of the univariate analysis is very limited, as it was similarly found in most previous GIST studies on prognostic makers, whereas all these mathematical procedures may include bias to disregard the biological impact of possible predictive variables (31). However, we were able to calculate statistically significant models based on the predicted probabilities of the regression analysis to provide prognostic information for recurrence, metastasis and survival of patients with GISTs. Such an approach may be helpful in developing such 'heat mapsʼ, as reported by Joensuu et al, to provide clinicians and patients with better prognostic information for relevant endpoints (32) .
In summary, our investigations demonstrated that i) classical parameters of GISTs, such as localization, multifocality and H&E-based mitosis/Ki-67-based proliferation, have the most relevant prognostic value; ii) GP of GISTs must be taken into consideration as new prognostic factor and further validated; and iii) there remains a need for efficient molecular markers for GISTs.
